waves. We use this model to systematically investigate the dependence of unstable motions on frequency detuning, damping, body geometry, and wave parameters.
INTRODUCTION
In an analogy to parametric resonant roll motion of a ship, Haslum & Faltinsen [1] attributed such coupled resonant heave and pitch motions to the effect of the Mathieu (subharmonic) instability due to hydrostatic coupling of heave and pitch motions. In the above experimental observation, however, the incident wave frequency, natural heave frequency, and natural pitch frequency do not match with the condition of Mathieu instability ( [2] , [3] and [4] ).
In this work, we investigate this problem in the context of general nonlinear wave-wave and wave-body interactions.
Linear instability analyses are carried out to understand the fundamental mechanism for the occurrence of unstable coupled heave-pitch resonant motions of floating structures in waves and to study the dependencies of the growth rate of unstable motions on physical parameters. Fully nonlinear numerical simulations using a highly efficient high-order boundary element method are performed to verify the analysis and to understand the roles and importance of various nonlinear interactions involved. Based on the nonlinear studies, we develop a simplified analytic model with the inclusion of dominant interactions for the prediction of the onset and evolution of the unstable motions. The model prediction is compared with the experimental data, and is then used to investigate the dependencies of unstable motions on frequency detuning, wave amplitude, damping of the system, and irregular sea states.
STABILITY ANALYSES
We consider the global motion of a DDCV platform in response to the action of uni-directional ocean surface waves.
For simplicity, we neglect the effect of wave motions in the moon-pool and model the DDCV platform as a truncated vertical circular cylinder with a closed bottom. We define a right-handed coordinate system o-xyz, which is fixed with respect to the mean position of the cylinder with the x-axis pointing in the direction of wave propagation and z positive upwards. The origin of the system (o) is in the plane of the undisturbed free surface. Under the action of surface waves, the cylinder may experience surge, heave, and pitch motions only. We denote the surge and heave displacements by η 1 and η 3 , respectively, and the angle of pitch rotation by η 5 .
Note that in the present study, we use the center of gravity of the cylinder (G) as the center of rotation. For reference, the coordinate system and the translational and angular displacement conventions are shown in Figure 1 . Let the resonant heave and pitch motions be η 3n (t) = Re{ζ 3n exp(iω 3n t)} and η 5n (t) = Re{ζ 5n exp(iω 5n t)}, where ω 3n (ω 5n ) is the natural heave (pitch) frequency, and ζ 3n (ζ 5n ) the complex amplitude of resonant heave (pitch) motion that is assumed to be small initially. The objective here is to examine whether small resonant heave and pitch motions are stable or not due to interactions with the base flow. This can be addressed through a standard stability analysis.
By examining the frequency combinations in the interaction between the resonant heave/pitch motion with the base flow, we find that the system might be unstable under the condition of ω = ω 3n + ω 5n . Under this condition, we carry out a linear stability analysis to obtain the ordinary differential equations Without loss of generality in illustrating the mechanism of instability, the coupling between surge and pitch is neglected in (2) .
The coupled equations (1) and (2) can be combined to give: where The dependence of the growth rates on other variables such as the phase of the incident wave and initial disturbances, natural heave and pitch frequencies, body geometry, and damping of the system can also be obtained similarly. More results can be found in [6] .
FULLY NONLINEAR SIMULATIONS
In this section, we apply direct numerical simulations to investigate the instability identified in the above. Fully nonlinear numerical simulations are performed using the efficient PFFT-QBEM method, which is described in [7] .
The same cylinder geometry is considered. The incident wave has a wave steepness kA = 0.02 and a frequency ω = 0.28 rad/s. In practice, the small disturbances in resonant heave and pitch motion are always there due to the presence of small amplitude long waves in the wave spectrum or nonlinear wave-wave and wave-body interactions. We included. The excitations due to such interactions can be obtained in a relatively simple form, which can be found in [6] . Once the formula for the excitations is obtained, the coupled equations of motion for heave and pitch can be solved easily using any time integration scheme such as the fourth-order Runge-Kutta (RK4) approach. 
APPROXIMATE MODEL

CONCLUSIONS
Through stability analyses and fully nonlinear simulations, 
